In this paper, graphene@cuprous oxide (rGO@Cu 2 O) nanocomposite was designed and prepared with graphene oxide, CuSO 4 , NaOH and L-ascorbic acid via an in-situ reaction process, and the as-prepared rGO@Cu 2 O nanocomposite was characterized by XRD, FT-IR, Raman spectroscopy, XPS, SEM-EDS and TEM. The results reveal that the rGO@Cu 2 O nanocomposite is of homogeneous distribution, and the Cu 2 O nanoparticles adsorbed on graphene sheets are with a fairly uniform size of 2.3 nm. The rGO@Cu 2 O/acrylic resin self-polishing marine antifouling paint with functional surfaces was also prepared in this work, and a series of measurements were carried out for the obtained product. The WCAs of paint is up to 113˚, and the adhesive force is averaged to 3.69 MPa. After being immersed into seawater, the whole bared panels show an abundant growth of marine organisms within 90 days, but the rGO@Cu 2 O paint coated surfaces are hardly fouled by marine organisms within 365 days. This work demonstrates that in situ synthesis of rGO@Cu 2 O is a tin-free potential alternative to inhibit biofouling.
Introduction
At present, 95% of global bulk trade involves transport by sea with significant fuel consumption and corresponding exhaust emissions; marine corrosion and biofouling are becoming the predominating worldwide concerns for marine artificial infrastructures [1] [2] [3] . Of particularly marine biofouling is one of the major problems faced by the global industries, and several researchers have focused on developing novel paints or coatings for the preventing fouling of organisms [4] [5] . The marine biofouling normally refers to some harmful and wasteful accumulation and rapid growth of marine living matters, especially in summer time, on material surfaces immersed under seawater. Figure 1 illustrates the schematic representation of biofouling formation sequences, and such a biofouling process generally involves three stages as follows: 1) an initial accumulation of some organics is adsorbed on the surface, such as polysaccharide and protein; 2) the surface gradually is colonized by some living matters, such as bacteria, single-cell diatoms, protozoa and rotifer, to form a thin film of biological species; and 3) finally macro-foulers, such as barnacles, shellfish, tubeworms and macro-algae, settle and grow on the surface [6] [7] [8] .
Biofouling can result in some devastating effects for various applications. For example, it can cause high frictional resistance leading to higher fuel consumption (up to 40%), as well as the associated necessary and frequent hull maintenance schedules also cause extra economic losses. To remove them, a ship has to be more frequently dry-docked. In a nuclear power plant, the biofouling of its cooling water discharge pipe can greatly reduce its efficiency. In addition, the biofouling can also lead to bio-corrosion and invasion of alien aquatic species [8] . Controlling biofouling by applying antifouling coatings is a conventional measure, which can reduce the frictional drag and subsequently the fuel consumption as well as the greenhouse gases emissions [9] .
Protective paint coatings for immersed parts of ship hulls include an antifouling topcoat which usually contains at least one biocidal agent [10] . According to the International Maritime Organization (IMO), a suitable biocide for use in an antifouling system should possess the following characteristics: broad spectrum activity, low mammalian toxicity, low water solubility, does not bio-accumulate in the food chain, does not persist in the environment, is compatible with paint raw materials, and has a favorable price/performance ratio [11] . Tributyltin self-polishing copolymer paints (TBT-SPC paints), such as tributyltin oxide and tributyltin fluoride have ever been the most successful compounds against biofouling. They belong to organotin biocides which contain at least one tin-carbon bond. Unfortunately, TBT-SPC systems adversely affect the marine environment. Due to its high toxicity to molluscs, the use of tributyltin (TBT) has been restricted since 2008 [12] . Copper is an important metallic element to human health even though it is a relatively few groups of metals. Copper and copper compounds have been used since the 16th century as an effective biocidal agent due to its good marine ecological friendliness. As an antifouling coatings biocide, copper is known to protect marine immersed surfaces from tube worms, barnacles and most types of algal fouling. For some typical inorganic copper or cuprous compounds (such as CuO, CuS, Cu 2 O and Cu 2 S) used for the protection of ship hull, the copper or cuprous is released into the seawater in the form of copper ions Cu 2+ or cuprous ions Cu + , but Cu + ions in the unsaturated state are liable to be oxidized immediately into Cu 2+ ions under the seawater, which are the main biocidal form to the marine organisms [9] [13] . Kayano Sunada et al. [14] investigated the antiviral and antibacterial activities of various solid-state cuprous, cupric and silver compounds, and found that cuprous compounds specifically have much higher inhibitory activities than those of silver and cupric compounds. Cu-doped DLC films offered superior antibacterial activity against Escherichia coli and fungi [15] . Y. Liu et al. [16] found that the copper added in low dosage (0.1% -39.7%) equips the copper-doped diamond-like carbon films with the capability of resisting effectively formation of protein-associated conditioning layer and additional killing of microorganisms by sustained release of copper ions.
Graphene, a unique two-dimensional mono-atomic-thick sheet of sp 2 hybridized carbon, has recently been a dazzling star owing to its extraordinary properties, such as high electron mobility at room temperature, exceptional electric and thermal conductivity, excellent chemical stability, large specific surface area (SSA), superior mechanical properties and so on, and is regarded today as a very promising material for various applications in a vast range of nanotechnologies [17] [18] [19] [20] [21] . Graphene and its derivatives are now widely used in the fields of anti-corrosion paints, filtration membranes, conductive inks, as so on.
Wang et al. [22] reported that the as-prepared superhydrophobic surfaces by using exfoliated graphene and polydimethylsiloxane have excellent self-cleaning property and much smaller corrosion current density, which exhibited unique anti-corrosion performance. Ramezanzadeh et al. [23] developed a highly crystalline and conductive GO-PANI composite and compared the effect of GO and GO-PANI composite on the corrosion protection performance and mechanism of ZRC. The GO-PANI composite was found to remarkably improve the electrical contact of zinc particles and steel substrate, leading to longer protection service life. Wang et al. [24] constructed a graphene oxide based thin film nanocomposite (TiO 2 @GO) membrane for nanofiltration (NF), which was observed to possess superior NF performance in the case of 0.2 wt% TiO 2 @GO with water flux of 22.43 L•m −2 •h −1 at 0.4 MPa. Majee et al. [25] reported an efficient inkjet Open Journal of Organic Polymer Materials printing of water-based pristine GNPs ink. The combination of aqueous iodine doping and thermal annealing at elevated temperature can achieve an unprecedented DC conductivity of ~10 5 S•m −1 for inkjet printed GNPs films.
In our work, to take the advantage of the interconnected nanochannels between graphene nanosheets and the antifouling property of Cu 2 O, Cu 2 O nanoparticles were introduced to enlarge the interlayer space of GO nanosheets. In situ synthesis of rGO@Cu 2 O nanocomposites was conducted through liquid phase method, which can avoid the aggregation and agglomeration of Cu 2 O nanoparticles on the resultant coatings, thus eliminating the negative effect of agglomeration. Subsequently, to further study the effect of rGO@Cu 2 O nanocomposite on coating structure and antifouling properties, a novel self-polishing marine antifouling coating with incorporating rGO@Cu 2 O into the acrylic resin was first designed and prepared. Different from conventional mainstream antifouling coatings containing Cu 2 O, the antifouling coating developed in our work has much longer antifouling period because the rGO on the surface of Cu 2 O can control the release of Cu 2 O into the seawater and prolong the service life of Cu 2 O.
Experimental

In-Situ Synthesis of rGO@Cu2O
Graphene oxide (GO) was synthesized by an improved Hummer's method, and the other chemicals used in this experiment were analytical grade. Firstly, 80 mL 1 mg•mL −1 GO aqueous solution was prepared by using ultrasonic cell crusher (output power of 1000 W at Φ6 frequency) for 2 h. Then 100 mL 0.15 M NaOH solution was slowly dripped into the as-obtained GO solution to form a uniform dispersion under magnetic stirring at room temperature. Subsequently, 100 mL 0.10 M CuSO 4 solution was gently dripped into the above solution to afford blue flocky precipitation. After 30 min magnetic stirring, 100 mL 0.10 M L-ascorbic acid was slowly dripped into the above solution. The mixture was then stirred for a further 30 min under magnetic stirring to obtain the light yellow precipitation. The resulted precipitation was washed several times using copious ethanol and then dried overnight in the vacuum oven at 60˚C. The dried rGO@Cu 2 O was ground in an agate mortar for a few minutes to obtain rGO@Cu 2 O powder.
Preparation of Self-Polishing Marine Antifouling Coating
The self-polishing marine antifouling coating was prepared using the following process. First, rGO@Cu 2 O was added into acrylic resin and the solution was stirred for 0.5 h under ambient temperature. Then, some antifouling auxiliaries, pigments, wetting dispersants, rheological additives and solvents were added to form the final suspension. The suspension was stirred for another 0.5 h before use. At last, the suspension incorporated with curing agent was transferred to grinding miller to grind for 1 h. In the following experiments, the solution was painted onto the steel substrate using a disposable Pasteur pipette, and cured at 30˚C for 24 h. 
Characterizations
Antifouling Evaluation
The antifouling test in shallow submergence follows GB/T 5370-2007 procedure.
Each steel panel (300 × 200 × 3 mm 3 ) was ground with a sand paper. The coating was applied on each panel with a paint brush to form a thin film of ~400 μm in thickness. For each coating, three identical panels were fabricated and attached to a frame so that they were submerged in a different depths in the range 0. 
Results and Discussions
The Crystalline Phases of rGO@Cu2O Nanocomposite Figure 2 shows the XRD patterns of the Cu 2 O and as-obtained rGO@Cu 2 O composite. As shown in Figure 2 , the rGO@Cu 2 O nanocomposite has a broad diffraction at 2θ = 23.5˚, which is assigned to the (002) crystal plane of reduced graphene [26] . The other diffraction peaks, such as 29.6˚, 36.4˚, 42.3˚, 61.4˚, and 73.5˚, correspond well with the crystal planes of (110), (111), (200), (220), and Open Journal of Organic Polymer Materials As a more powerful and surface-sensitive technique than XRD, Raman spectroscopy was conducted to investigate the fine structure of graphite and graphene materials. The Raman spectra of GO and rGO@Cu 2 O nanocomposite are shown in Figure 3 . Two well defined peaks are observed in both cases, at 1328 cm −1 and 1594 cm −1 for GO as well as 1349 cm −1 and 1592 cm −1 for rGO@Cu 2 O nanocomposite, which correspond to the well-documented D and G bands, respectively. The D band is attributed to the defects and lacks of an ordered arrangement in the graphene lattice, while the G band is attributed to the well-ordered layers and the first order scattering of the doubly degenerate (E 2g ) phonon mode symmetry of the sp 2 hybridized carbon atoms [27] [28] . It is well known that the intensity ratio of D-band to G-band (I D /I G ) suggesting the defect density in graphene sample decreases when GO is reduced [29] [30] . In Figure 3 , the I D /I G ratio of rGO@Cu 2 O nanocomposite (0.98) is lower than that of GO (1.03), indicating that carbon network will be less disordered with fewer oxygen-containing groups. Moreover, the Raman shift at 635 cm −1 is assigned to Cu 2 O, revealing the coexistence of Cu 2 O and graphene in the nanocomposite [31] .
FT-IR analysis was applied to study the chemical bonds within the range of 400 -4000 cm −1 . The corresponding spectra of Cu 2 O and rGO@Cu 2 O are shown in Figure 4 , respectively.
A sharp strong peak appears in both spectra, at 619 cm −1 for Cu 2 O and 624 cm −1 for rGO@Cu 2 O, which is the characteristic peak of stretching vibration of the Cu-O [32] . A weak peak is observed in the spectrum for Cu 2 O at 556 cm −1 , which is not yet found in the spectrum for rGO@Cu 2 O. We analyze that it may be a disturbance peak of impurities which can be released from the Cu 2 O during the high-speed stirring and grinding process, so it should be ignored. Besides, To further investigate the surface functional groups and elemental composition of as-obtained rGO@Cu 2 O, XPS technique was used and the results were shown in Figure 5 and Table 1 .
It is revealed by Figure 5(a) that there is a predominant graphite C1s peak and an O1s peak with the binding energy around 285 eV and 531 eV, respectively. In Table 1 , the O/C atomic ratio of rGO@Cu 2 O is 66.2% (35.24%/53.22%), which is higher than that of conventional graphene. Meanwhile, a Cu2p peak with the binding energy about 933 eV is also found, and an 11.53% Cu atomic content is detected, which is derived from rGO@Cu 2 O nanocomposite. However, the lower Cu/C atomic ratio (21.7%) indicates the element Cu in the surface of rGO@Cu 2 O is very low, which is agreement with the XPS testing principle. Moreover, the high-resolution C1s spectra ( Figure 5 Currently, a lower surface energy implies a larger contact angle and less capability to interact spontaneously with hydrophobic materials [34] . In this study, the experiment parameters (temperature, preparation, roughness and surface cleanliness) were held constant when taking measurements. The mean static contact angles of the coated samples surface were obtained by at least five measurements taken at different positions. Figure 8 illustrates the WCAs of substrate, coating containing Cu 2 O and coating containing rGO@Cu 2 O with DI-water before immersion test, from which we can see the WCA of substrate with DI-water is about 45˚, but that of coating containing Cu 2 O and rGO@Cu 2 O are 97˚ and 113˚, respectively. The reason is the rGO has low surface energy and good hydrophobicity, which weakens the wettability of Cu 2 O with water, leading to the increase of WCA for the marine antifouling coating. This indicates that both the low surface energy and micro/nanostructure play vital roles in maintaining hydrophobicity of the marine antifouling coating. For the marine antifouling coating, whose adhesive force with intermediate coating is a key issue for its application in ships, marine devices, and so on, thus the adhesion property of marine antifouling coating containing rGO@Cu 2 O was further investigated. Figure 9 shows the adhesion test results by using cross cut method.
From the photos, it can be seen that the surface of original coating is very smooth. There are some scratches of cutting knife on the cut coating, and the Open Journal of Organic Polymer Materials incisions are almost not peeled off after exfoliation with sticky tape, which indicates the adhesion between marine antifouling coating and intermediate coating can meet the requirement of Class 1. Additionally, the pull-off method was also used to test the adhesive force, and the results are shown in Table 2 . The average adhesive force is 3.69 MPa, which is satisfied the engineering application.
Finally, the marine antifouling paints coated substrates are examined in the Xiamen for their marine antifouling applications. Cu 2 O is one of the well-known biocides and antibacterial agents over a wide spectrum of bacteria. Several studies on the Cu 2 O nanoparticles incorporated surfaces shown to be efficient antifouling growth inhibition coatings. Hence, we expected that the prepared coating with rGO@Cu 2 O might efficiently reduce the growth of marine organisms on its surface. The antifouling properties of the prepared coatings with Cu 2 O and rGO@Cu 2 O are measured by immersing the panels in a sheltered bay connected to the South China Sea. The bared panels are immersed for 90 days, and both the Cu 2 O and rGO@Cu 2 O paints coated surfaces are immersed for a period of 365 days. The fouling of marine organisms was observed visually as shown in Figure 10 .
In Figure 10 (a), the whole bared panels show an abundant growth of marine organisms within 90 days (03.15.2018 -06.15.2018) under the seawater, and there is no any intact area visible to the naked eye. After being immersed of 110 days, there are a few marine organisms on the Cu 2 O paint coated surfaces, but nothing is found on the rGO@Cu 2 O paint coated surfaces. With the extension of time, more and more marine organisms attach and grow on the Cu 2 O paint coated surfaces, as well as about 20% -25% continuous surfaces are covered with various marine organisms (in Figure 10(b) ). The rGO@Cu 2 O paint coated surfaces, however, are hardly fouled by marine organisms from 0 to 365 days (in Figure 10(c) ), which proves that the antifouling performance of rGO@Cu 2 O paint coated surfaces is better than that of the Cu 2 O paint coated surfaces.
Antifouling Mechanisms
For the marine antifouling coating, there are various explanations for its antifouling mechanism. In our work, we analyze the effect of rGO@Cu 2 O on the Open Journal of Organic Polymer Materials antifouling performance, and the antifouling effect results from two aspects: one is from the biotoxicity of cuprous ions, and another is from mesoporation of rGO. The former is displayed in Figure 11 .
As shown in Equations (1) and (2), the cuprous ions are combined with chloride ions under the seawater condition, and finally oxidized into copper ions. The functions of copper ions are embodied in two faces: 1) copper ions can inactivate the main enzyme on which marine organisms depend; 2) copper ions make the biocellular protein flocculate and generate metal protein deposits.
More important, the graphene also plays an important role in the growth inhibition of marine organisms on the immersed part of ship hull. As is known to all, the graphene has unique layered nanostructure and super-large specific surface area, which can cover the surface of Cu 2 O fully. Therefore, on the one hand, Open Journal of Organic Polymer Materials Figure 11 . The antifouling mechanism of coating with Cu 2 O. the graphene can make the Cu 2 O disperse homogeneously in the antifouling paints; on the other hand, the graphene also restrains the rapid release of Cu 2 O into seawater under the premise of minimum killing ability, which will certainly prolong the antifouling periods.
Based on the synergy of the two functions above, the marine antifouling coating containing rGO@Cu 2 O has preferable antifouling performance than that containing Cu 2 O.
Conclusion
Marine antifouling paint is essential for the protection of ship hull from the biofouling of marine organisms. Herein, a facile process was established to prepare the self-polishing coating for marine fouling-released application by spraying composite paints on a steel substrate. The rGO@Cu 2 O nanocomposite was first in situ synthesized and then incorporated with acrylic resin in suitable solvents.
The rGO@Cu 2 O nanocomposite is of homogeneous distribution, and the Cu 2 O nanoparticles adsorbed on graphene sheets are with a fairly uniform size of 2.3 nm. The cross-linked network coatings present good adhesion, large WCAs and excellent antifouling performance. The WCAs of such coating is up to 113˚, and the adhesive force is averaged to 3.69 MPa, which imply the marine antifouling coating has good hydrophobicity and adhesion property. Moreover, the antifouling performance of the coating was tested in a marine environment. It is observed that the whole bared panels show an abundant growth of marine organisms within 90 days, and 20% -25% Cu 2 O paint coated surfaces are covered with various marine organisms, but the rGO@Cu 2 O paint coated surfaces are hardly fouled by marine organisms within 365 days. It may promise significant importance for the combination of rGO@Cu 2 O nanocomposite with acrylic resin in terms of the preparation of marine antifouling coating.
